Background/Aims: Endothelial dysfunction is a major factor in the progression of chronic kidney disease, which correlates with oxidative stress and NO deficiency. Huangqi decoction (HQD) is a potential anti-oxidant ingredient in renoprotection. However, the underlying mechanisms remained identified. Therefore, we investigated whether HQD exhibit improvement in endothelial dysfunction in the 5/6 nephrectomy (Nx) rat model. Methods: Male Wistar rats (180 -250 g) were divided into sham, Nx and Nx + HQD (0.05, 0.15 and 0.45 g/kg) group, respectively. Renal function and histology were examined with ELISA and Immunohistochemical analysis. Endothelium-dependent relaxation of rat aortas was investigated by isometric tension recordings. Oxidative stress and NO bioavailability were detected by ELISA, DHEstaining, DAF-2 staining and western blotting. Results: Compared with Nx rats, HQD treatment reversed the functional and structural changes of kidney significantly. Besides, endotheliumdependent relaxation of rat aortas was also improved by HQD treatment. NADPH oxidase and ROS generation were inhibited while NO bioavailability was enhanced. Conclusion: HQD can act as a potent prescription for the treatment of endothelium related vascular complications.
Introduction
Cardiovascular disease risk is one of the most common complications of chronic kidney disease (CKD), and endothelial dysfunction has been shown to be the best predictor of subsequent cardiovascular events [1, 2] . Impaired endothelium in uremia, diabetes mellitus, and coronary artery disease are associated with CKD progression [3] [4] [5] . Accumulating studies have demonstrated that oxidative stress and inactivation of nitric oxide (NO) play a
Animal model and grouping
All animal procedures were approved by the Ethics Committee of Putuo Hospital, Shanghai University of Traditional Chinese Medicine. Five-week-old male Wistar rats weighing 180 -250 g were purchased from Slaccas Co., Ltd. (Shanghai, China). The animals were fed a standard laboratory diet and water ad libituin. At 7 weeks of age, the upper and lower thirds of the left kidney were excised by ligation of renal artery occluded temporarily. One week later, the right kidney was excised. Suspensions of HQD were made in 0.5% carboxymethylcellulose (CMC) and the compound treatment was initiated at 17-week-old. Rats were randomized into five groups (n = 10/group). The control group had sham operation. Nx group received vehicle (0.5% CMC) and HQD-treated group were gavaged with 0.05, 0.15 and 0.45 g/kg daily.
At 6, 12, 16 and 20 week of age, body weight, water intake and food intake were record and systolic blood pressure (SBP) was measured by tail-cuff pletysmography (Shanghai AlcottBiotech, Shanghai, China). At the end of the experimental period, the animals were anesthetized with 50 mg/kg sodium pentobarbital (i.p.) and blood was collected from the abdominal aorta. The animals were sacrificed and right kidneys were collected for analyses. The animals were kept in the metabolic cages at the beginning of sacrifice for urine collection.
Renal function examination
Serum and urine were obtained by centrifugation at 2000 g for 15 min at 4°C, aliquoted, and frozen until analysis. Serum creatinine, blood urea nitrogen and urinary protein excretion were examined among different groups with relative colorimetric assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Histopathological analysis
Kidney tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Paraffin sections (4 μm) were stained with 0.5% periodic acid and Schiff (PAS) and Masson. Semiquantitative scoring of glomerular sclerosis in PAS-stained slides and interstitial collagen deposition in Masson-stained slides were performed using method described previously [20] .
Measurement of NADPH oxidase activity
After rats were anesthetized, the thoracic aorta were rapidly removed and stored in -80˚C. The aortas were lysed in RIPA lysis buffer by sonication on ice. Then the supernatants were collected and protein concentration was determined by BCA protein assay kit (Pierce, Rockford, IL, USA). Equal amounts of protein (20 µg) were separated by 10% SDS polyacrylamide gelelectrophoresis (SDS-PAGE) and transferred to PVDF membrane. Western blot analysis was used to determine the expression of NADPH oxidase subunits including Rac1, p22phox, p47phox, Nox1, and Nox4.
Measurement of ROS generation
Serum superoxide dismutase (SOD) and malondialdehyde (MDA) were evaluated according to respective ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) as described [21] . Briefly, the level of SOD was assessed by xanthine-xanthine oxidase system to produce superoxide ions, which reacted with 2-(4-iodophenyl)-3-(4-nitrophenol-5-phenlyltetrazolium chloride) to form red formazan dye, and the final products at 550 nm were measured. MDA activity was assessed by thiobarbituric acid (TBA) method as commercially recommended. MDA reacts with TBA at 90-100°C in acidic condition and the reaction yields pink TBA reactive substances (TBARS), which was measured at 532 nm.
In situ intracellular superoxide observation was achieved using fluorescence probe dihydroethidium (DHE), which can be oxidized by superoxide to ethidium bromide, thus yielding fluorescence by forming complexes with DNA, according to earlier reports [22] . Frozen thoracic aortas were cut into 4 μm thickness slices. DHE (10 μM) was directly added onto the slices, incubated for 30 min at 37 °C, and then washed with PBS to remove free DHE molecules. Fluorescence was monitored via a fluorescence microscope (Nikon TE2000, Japan).
Measurement of NO activity
Homogenates of rat aortic were harvested and NO was determined nonisotopically using a commercial assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The supernatants of homogenates were collected for extraction of total protein with RIPA lysis buffer. The concentration of extracted protein was determined using BCA kits. Then SDS-PAGE was performed with 20 μg of protein sample to determine the expression of eNOS and p-eNOS. Direct visualization of NO production was realized by 4 μm thickness slices of frozen aortic rings incubating with 4, 5-diaminofluorescein diacetate (DAF-2 DA, 10 μM) as previously described [23] . The following procedure was similar with the protocol of DHE staining and green fluorescence was monitored.
Preparation of aortic rings and vascular reactivity protocol
The thoracic aorta of rats were rapidly removed and placed in oxygenated Krebs solution (4°C) containing following compositions (mM): 118.0 NaCl, 4.7 KCl, 1.2 MgCl 2 .6H 2 O, 1.2 KH 2 PO 4 , 25.0 NaHCO 3 , 2.5 CaCl 2 and 11 glucose (pH 7.4). Aorta was cleaned of connective tissues and cut into 3-mm rings and then suspended by two stainless steel hooks in 10 ml organ chambers filled with Krebs solution (37°C, oxygenated with 95% O 2 and 5% CO 2 ). The tension was recorded with a force transducer and Power Lab recording system (AD Instruments Pty Ltd).
All rings were set to 3 g and equilibrated at 37°C for 60 min before experiments and then exposured to 60 mM KCl. After elution and a further equilibration, the integrity of the endothelium was determined by ACh (10 -6 M) to induce more than 80% relaxation of rings pre-contracted with PE (3×10 -7 M). To assess endothelial-dependent vasorelaxation, cumulative concentration-response curves were generated with ACh (10 -10 to 10 -4 M) pre-contracted with PE. Endothelial-independent vasorelaxation by SNP was assessed in the same rings constricted with PE. Vasoconstriction was assessed by PE (10 -9 to 3 × 10 -5 M) and KCl (5 to 80 mM) in the same rings. To investigate the role of ROCK in endothelial dysfunction, rings were pre-contracted with PE and treated with increasing concentrations of a ROCK inhibitor Y27632 (10 -9 to 10 -6 M).
Statistical analysis
Responses to ACh and SNP were represented as % of the maximal contraction to PE. The concentration of ACh that induced 50% of the maximal relaxation was regarded as the EC 50 which determined by regression analysis of the log dose-response curves. EC 50 was expressed as pD2 (-log EC 50 ). All data were expressed as mean ± SEM. Statistical analysis was performed via Student's unpaired t test between two groups or OneWay Analysis of Variance (ANOVA) with Tukey's post-hoc test among more than two groups (GraphPad Prism 5.0 software, GraphPad Prism software Inc., San Diego, Calif, USA). P < 0.05 was considered statistically significant.
Results

Effect of HQD on physiological parameters, renal function and histology in 5/6 nephrectomy rats
As shown in Fig. 1A , Nx group had lower body weight vs. sham group at 12, 16 and 20 week significantly (p < 0.001). Conversely, HQD restored the decline dose-dependently, especially at 20 week (Nx + HQD 0.45: 271.33 ± 27.7g vs. Nx: 226.5 ± 23.9g, p < 0.001). Water intake showed the same tendency as body weight (Fig. 1B) . Although no significant changes occurred in food intake, SBP and blood urea nitrogen in HQD-treated group compared with Nx group, serum creatinine decreased dramatically at HQD 0.45 g/kg (p < 0.05). Notably, the inhibitory efficacy is more obvious in urinary protein excretion (p < 0.001).
Kidney pathological changes were observed in Fig. 2 . In Fig. 2A , Nx rats developed significant glomerulosclerosis and tubular atrophy, dilation and epithelial hyperplasia as expected. Fig. 2B showed that the glomerular sclerosis score increased significantly in Nx rats compared with sham rats (P < 0.001), and this increase was decreased with HQD treatment in a dose-dependent manner (p < 0.05). Figure 2C also showed that Nx can develop extensive interstitial fibrosis as manifested in the Masson's trichrome-stained kidney sections compared with sham group. However, treatment with HQD decreased the collagen deposition. Semiquantitative histomorphometry analysis demonstrated that HQD treatment ameliorated significantly the pathological changes from 19% in the Nx groups to 12% in the Nx+ HQD 0.15 g/kg (p < 0.05) group and 10 % in the Nx + 0.45 g/kg (p < 0.01) group, respectively (Fig. 2D) . PE, Nx rats resulted in a large increase in aorta responsiveness to KCl, which reflected by a significant increase in E max (P < 0.05, Fig. 3A , B, Table 1 , 2). However, HQD administration at 0.05, 0.15 and 0.45 g/kg normalized the aorta E max response to KCl, respectively (P < 0.05, Fig. 3B , Table 1 ).
Aortas removed from Nx rats displayed reduced E max and sensitivity (pD 2 ) to ACh compared with sham group (P < 0.05, Fig. 3C, Table 1, 2) . In contrast, there was no difference in E max in response to SNP between sham and Nx group (Fig. 3D, Table 1 ). Besides, impairment Table 1 . Effect of HQD on the maximal response (E max ) values of PE, KCl, ACh and SNP dose response curves of the aortas isolated from sham, 5/6 nephrectomized (Nx) rats, HQD (0.05, 0.15, 0.45 g/kg) rats. Valves are mean ± SEM for n = 6 -8 animals; *P < 0.05, **P < 0.01 compared with sham group; # P < 0.05, ## P < 0.01 compared with Nx group Table 2 . Effect of HQD on the pD 2 (-log EC 50 ) values of PE, ACh and SNP dose response curves of the aortas isolated from sham, 5/6 nephrectomized (Nx) rats, HQD (0.05, 0.15, 0.45 g/kg) rats. Valves are mean ± SEM for n = 6 -8 animals; *P < 0.05, **P < 0.01 compared with sham group; # P < 0.05, ## P < 0.01 compared with Nx group Fig. 3 in isolated aorta response to ACh from Nx rats was prevented by in vivo treatment with HQD at 0.45 g/kg (P < 0.01, Fig. 3C , Table 1 ).
Effect of HQD on NADPH oxidase
As shown in Fig. 4 , expression of NADPH oxidase subunits including Rac1, p22phox and p47phox increased significantly in Nx group compared with sham group (p < 0.001). However, HQD inhibited the expression of those subunits, the most dramatically efficacy exist in HQD at 0.45 g/kg (p < 0.01). Similar changes were also observed in NOX1 and NOX4 expression.
Effect of HQD on ROS generation
To test the level of ROS, activities of serum SOD were first examined (Fig. 5A) . Compared with the sham group, Nx rats showed decreased level of SOD but HQD exerted opposite efficacy and almost remarkably at 0.45 g/kg (p < 0.05). The serum levels of MDA, a marker of lipid peroxidation induced by ROS, were increased in Nx rats compared to the sham group (p < 0.001). In contrast, administration of HQD suppressed the process significantly (p < 0.05).
To characterize and localize ROS content within the vascular wall, ethidium red fluorescence was analyzed in sections of aorta incubated with DHE (Fig. 5C ). As analyzed of fluorescence intensity in Fig. 5D , rings from Nx rats showed marked increased red staining compared to sham rats, which was prevented by HQD at 0.15 and 0.45 g/kg (p < 0.01).
Effect of HQD on NO generation
Phosphorylated eNOS (p-eNOS) is the active form of eNOS, so the two proteins were examined in aorta ring. As shown in Fig. 6A , B, compared with Nx group the level of p-eNOS and eNOS increased with the HQD treatment, especially significant at 0.45 g/kg (p < 0.001).
Discussion
In the present study, we first demonstrate that HQD has the ability in reversing functional and structural alterations in rats with 5/6 Nx, and the biological activity was associated with attenuation of NADPH oxidase expression, ROS production and promoting NO production.
5/6 nephrectomized rat is a well-established model having a significant reduction in renal mass along with hypertension, proteinuria, glomerulosclerosis and tubulointerstitial injury. Besides, in our study Nx rats were charactered with endothelial dysfunction, evidenced by a relaxant response to ACh, which corresponding to the previous experimental investigations [24] [25] [26] [27] . Clinical study also showed that atherosclerosis can be accelerated in patient with impaired endothelium-dependent vasodilatation [28] . Given these results, renal mass reduction features progressive injury to the renal microvascular endothelium, resulting to glomerular sclerosis and other injuries [25] . In our study, although HQD had no effect on the increased systolic blood pressure in Nx rats, the treatment can still significantly reverse the functional and structural alterations found in rats with 5/6 Nx, which suggest the beneficial effect of this compound in renoprotection. Meanwhile, HQD treatment not only increased the aorta responsiveness to KCl, but to ACh versus no effect to SNP, which indicate the potential correlation between HQD efficacy and endothelial-dependent mechanism in Nx rats.
Previous studies have showed that some antioxidant compounds, such as N-acetylcysteine, melatonin, S-allylcysteine, vitamin E and curcumin are potential candidate in inhibiting renal dysfunction [20, [29] [30] [31] [32] . In the present study, as expected, HQD decreased the expression of NADPH oxidase significantly, so HQD may exert efficacy through suppressing oxidative stress. In vascular cells, the NADPH oxidase possesses cytosolic subunits (p47phox, p67phox, or homologs) and membrane-bound subunits (NOX-1,-2,-4,-5 and p22phox), which form a functional enzyme complex upon activation [8, 33] . Both NADPH oxidase activity and NADPH oxidase subunit expression are increased in vascular disease, so NADPH oxidase is considered as therapeutic targets [8] . The primary catalytic function of the NADPH oxidase family of enzymes is the generation of ROS. In 5/6 Nx mice, treatment with an SOD/catalase mimetic prevented aortic oxidative stress [3] . SOD activity is lower in the blood of stress-sensitive rats compared with that of Wistar rats, which consistent with our finding of decreased SOD level in 5/6 Nx. The functional importance of ROS in leading to hypertension has been suggested by the fact that tempol or heparin-binding SOD, which localizes within the vessel wall [34] . Similar findings have been demonstrated in deoxycorticosterone acetate (DOCA)-salt hypertension and in renovascular hypertensive rats [35, 36] . In the model of chronic infusion of angiotensin II in rats, the NADPH subunit p22phox mRNA is up-regulated. Both hypertension and the increase in p22phox mRNA are prevented by pretreatment with SOD [37] . Evidence also exists that erythrocyte SOD activity is reduced and antioxidant therapy improves endothelial function [38, 39] . Corresponding to those findings, our study identified HQD can reverse the abnormal increase of NADPH oxidase and ROS, and serum SOD also increased with HQD treatment at 0.45 g/kg in 5/6 Nx. So HQD exert efficacy in vascular function may through oxidative stress pathway.
Endothelial dysfunction is usually accompanied by cardiovascular events such as hypertension in the process of CKD. The integrity of the vascular function and the bioavailability of NO could play a pivotal role in vascular homeostasis and its alteration is involved in an increased basal tone. Another factor that could alter the basal tone is the oxidative stress through inactivation of NO and alteration of vascular reactivity [40] . Moreover, the oxidative stress may also produce a direct vasoconstrictor effect accompanied to an increase of myogenic tone [41] . NADPH oxidase is a source of superoxide anion in the vessel wall. Superoxide anion is involved in increased blood pressure, vascular hypertrophy, and endothelial dysfunction and plays a role in the development of spontaneous vascular tone [42, 43] . Because superoxide and NO have counterbalancing actions and reciprocally reduce each other's bioavailability, an imbalance of NO and superoxide may shift the kidney toward a state of superoxide dominance, causing renal vasoconstriction, enhanced tubular sodium reabsorption, and CKD progression [6] . In our study, HQD can increase both p-eNOS and eNOS expression and aortic NO abundance, which reveal the positive effect of HQD on NO bioavailability.
Decrease of NO bioavailability often associated with decline of endothelium-dependent vasodilatation under various pathological conditions [40] . Our present data showed that HQD at 0.45 g/kg ameliorated the impaired ACh-induced relaxations in rats with 5/6 Nx, while exerted no change to the effect of SNP. On the basis of the data, it seems that HQD efficacy is endothelium-dependent and NO-relevant. NO is released from endothelial cells and evidence was presented that RhoA/Rho-kinase (ROCK) pathway involved in the mechanical activity of arteries [44] [45] [46] . Diabetes-induced vascular dysfunction can arise due to either inhibition of eNOS, thereby less endothelial NO-production, in part, due to an upregulation of ROCK by hyperglycemia [46] . Here, we used ROCK inhibitor of Y27632 to test whether the pathway involved in HQD activity. Interestingly, HQD administration at 0.45 g/kg decreased the response of aortas to Y27632, which confirmed our hypothesis. However, previous studies demonstrated that ROCK pathway is much more active following long-term (eNOS KO) versus short-term (short-eNOS inhibitor treatment) NOS inhibition and the pathway was demonstrated to exert a greater contribution to the contractile responses in the large arteries than the small ones manifested by Y27632 [47, 48] . So whether ROCK pathway is essential target of HQD need further investigation to identify.
In summary, the present findings provide further insight into the potential efficacy of HQD in inhibiting 5/6 Nx-induced endothelial dysfunction and underlying mechanisms that contribute to protect against progression of CKD. As a classical formula, novel therapeutics that directly target anti-oxidative mechanism may potentially help reduce the high-risk complication. And the complicated composition and the potential clinical benefits of HQD confer more intensive investigation in progress.
